Abstract. Soils on the Qinghai-Tibetan Plateau (QTP) have distinct physical properties from 28 agricultural soils due to weak weathering and strong erosion. These properties might affect 29 permafrost dynamics. However, few studies have investigated both quantitatively. In this 30 study, we selected a permafrost site on the central region of the QTP and excavated soil 31 samples down, to 200 cm. We measured soil porosity, thermal conductivity, saturated 32 hydraulic conductivity, and matric potential in the laboratory. Finally, we ran a simulation 33 model replacing default sand or loam parameters with different combinations of these 34 measured parameters. Our results showed that the mass of coarse fragments in the soil 35 samples (diameter >2 mm) was ~55% on average, soil porosity was less than 0. , and saturated matric 1 potential ranged from -14 to -604 mm. When default sand or loam parameters in the model 2 were substituted with these measured values, the errors of soil temperature, soil liquid water 3 content, active layer depth, and permafrost lower boundary depth were reduced (e.g., the root 4 mean squared errors of active layer depths simulated using measured parameters versus the 5 default sand or loam parameters were about 0.28, 1.06, and 1.83 m, respectively). Among the 6 measured parameters, porosity played a dominant role in reducing model errors and was 7 typically much smaller than for soil textures used in land surface models. We also 8 demonstrated that soil water dynamic processes should be considered, rather than using static 9
determines the maximum amount of water that can be contained in a soil layer, thermal 7
properties determine the heat conduction within soil layers, and hydraulic properties 8 determine the exchange of soil water between soil layers. The soil water content also 9 determines the large amount of latent heat lost or gained by freezing or thawing, respectively. 10
On the QTP, soil is coarse due to weak weathering and strong erosion (Arocena et al., 2012). 11
Soils with gravel content (particle diameter >2 mm) have been reported in several studies 12 In this case study we investigated the characteristics of soil physical properties at a site on 19 the central QTP and their effects on permafrost dynamics. We first measured soil physical 20
properties of excavated soil samples in a laboratory. We then conducted a sensitivity analysis 21 with an ecosystem model by substituting the default soil physical properties with those that 22 we measured. We aimed to emphasize the effects of coarse fragment content on soil physical 23 properties and on permafrost dynamics, rather than develop general schemes of soil physical 24 properties for using in modeling studies on the QTP. 25
Methods 26

Site description 27
The site (34 were measured at depths of 5, 10, 20, 40, 80, and 160 cm using a PT-100 (EKO, Japan); soil 13 moistures were measured at depths of 20, 40, 80, and 160 cm using a CS616-L50 (EKO, 14 Japan). A CR3000 data logger (Campbell Scientific Inc., USA) was used to store these data at 15 30 minute intervals. These readings were averaged or summed (e.g. precipitation) into 16 monthly values to drive and validate the model. Based on measurements, multi-year mean 17 annual air temperature, precipitation, downward solar radiation and relative humidity were - cm. Three replicates were sampled from the top of each depth range and sealed for analysis in 6 the laboratory. Above 120 cm in the soil pit, coarse soil material was small enough in the cut 7 rings. Below 150 cm, the material is weathered mudstone, which could also be sampled with 8 our cut rings. Based on the excavated soil pit and measured soil temperature, this site belongs to 9
Inceptisols with suborder of Gelept (soil taxonomy, ST, Soil Survey Staff, 2014). The soil pit 10 consists of A horizon (~20 cm), Bw horizon (~20-80 cm) and C material dominated by 11 fractured bedrock. 12
We used the KD2 Pro (Decagon, US) to measure thermal conductivity of soil samples. The 13 steps we took to determine soil properties for each sample were as follows: 1) the soil sample 14 was dried in an oven and weighed (0.001g precision) to calculate bulk density; then 2) the soil 15 sample was exposed to a constant temperature (20 o C) for 24 h, after which a certain volume of 16 water was injected into the soil samples and a KD2 Pro (Decagon, USA) was used to measure 17 the thermal conductivity; next 3) the sample and the KD2 probe were put into a refrigerator at -18 15 o C for 12 h and thermal conductivity was measured again; 4) steps 2 and 3 were repeated at 19 increasing levels of soil volumetric water content until soil samples were up to the point of 20 saturation; finally, 5) the soil sample was saturated by immersion in water under atmospheric 21 pressure for 24 h and then it was weighed to calculate porosity, and the saturated unfrozen and 22 frozen thermal conductivity were measured, accordingly. The bulk density (ρ b , g cm soil column from the top downward, using soil surface temperature as the driving temperature. 9
It then simulates the front from the bottom upward using the soil temperature at a specified 10 depth beneath a front as the driving temperature (bottom-up forcing). The latent heat used for 11 phase change is recorded for each soil layer. If a layer contains n freezing or thawing fronts, 12 this layer is then explicitly divided into n+1 soil layers. All soil layers are grouped into 3 parts: 13 1) those above the uppermost freezing or thawing front; 2) those below the lowermost 14 freezing or thawing front; and 3) those between the uppermost and lowermost fronts. Soil 15 temperatures are then updated by solving finite difference equations of each part with latent 16 heat from phase change as an energy source or sink (Yi et al., 2014a) . Soil surface 17 temperature, which is used as a boundary condition, is calculated using daily air maximum, 18 air minimum, radiation, and leaf area index (Yi et al., 2013) . ), respectively, and k e is the Kersten number (Côté and 25 Konrad, 2005) . Dry thermal conductivity varies with soil properties according to:
where χ (W m -1 K -1 ) and η (no unit) are parameters accounting for particle shape effects, 28 which are specified for gravel, fine mineral and organic soil (Côté and Konrad, 2005), and φis porosity. Saturated thermal conductivity varies with water content and phase state 1 
Model inputs and initialization 5
We used the monthly averaged air temperature, downward radiation, precipitation and 6 humidity as input to drive the DOS-TEM. Leaf area index (LAI), leaf area per unit ground 7 surface area, was specified to be 0. 
Sensitivity analyses 18
The soil textures on the QTP mainly consist of loam, sand, and coarse fragment soils (Wu and 19 Nan, 2016). We used a uniform sand or loam soil profile to represent coarse and fine soil 20 textures, respectively. Sands are the coarsest texture considered in most modeling studies (e.g. 21
Oleson et al., 2010). Therefore, we used our measured parameters to substitute the parameters 22 of sand and loam to investigate the effects of coarse-fragment soil parameters on permafrost 23 dynamics. We first ran DOS-TEM using the default porosity, soil thermal conductivity 24 potential data using Isqucurvefit tools of Matlab. We did not calibrate soil thermalconductivity to retrieve parameters of Equations 6 and 7. Instead, we interpolated measured 1 thermal conductivities over a range of degrees of saturation (0 to 1), which was used as a 2 lookup table by the DOS-TEM. Therefore, our sensitivity analyses considered a set of 4 3 factors, i.e. porosity, matric potential (Ψ sat and B), hydraulic conductivity (K sat and B) and 4 thermal conductivity. We also analyzed 3 different slope gradients (0, 5, and 10 we did not test the effects of aspect variation. We instead considered the effects of slope on 11 surface runoff. In summary, our sensitivity analyses with the DOS-TEM involved 288 12 different combinations of parameter values. 13
We did not measure the heat capacity. The maximum and minimum heat capacities of 14 mineral soil types considered in land surface model are 2.355 and 2.136 MJ m -3 , respectively, 15 giving a relative difference less than 10%. Therefore, in this study, we did not make 16 sensitivity tests using thermal diffusivity (the ratio between thermal conductivity and heat 17 capacity). 18
Results 19
Soil physical properties 20
Soil porosity, particle size and bulk density 21
Results from laboratory analysis of the soil samples are shown in Table 1 and 2. The mean 22 mass ratio of the coarse soil fraction (particle size diameter > 2 mm) of different soil layers 23 ranged from 0.38 to 0.65 with a mean of 0.55. According to the USDA classification system 24 (clay (<2 μm), silt (2 -50 μm, in this study 2-63 μm) and sand (50μm -2.0 mm, in this 25 study 63μm -2.0 mm)), the major soil texture of this site was loamy sand, with the exception 26 of sandy loam at 20-30 cm depth. The default porosities of sand and loam were 37.3% and 27 43.5%, respectively. The φ m of samples down to 2 m depth ranged from 21% to 30% with a 28 mean of 27%, and the mean ρ b ranged from 1.61 to 1.86 g cm -3 with a mean of 1.74 g cm -3 . 29
The φ c (Equation 4) ranged from 29.8% to 39.2%. No significant relationships were found 1 among φ m , ρ b , and the coarse soil fraction (p>0.05). 2
Thermal conductivity 3
The results of the thermal conductivity determinations are shown in Table 3 
Saturated hydraulic conductivity 21
The mean K sat of soil layers, shown in Table 4 , ranged from 0.0036 to 0.0315 mm s , respectively. 26
Matric potential 27
The correlation coefficients between calculated and fitted Ψ, shown in Table 4 , were allmm, and those of B ranged from 1.89 to 5.22 (Table 4 and (Figure 7d-f) . 27
The standard deviations of θ liq among different slopes and soil thicknesses using sand 28 parameters were about 0.077, which were larger than those using measured parameters 29 (~0.062). The standard deviations of θ liq using loam parameters (<0.032) were less than 1 those using measured parameters. 2
Active layer depth (ALD) 3
The mean RMSEs between measured ALDs (derived from linear interpolation of soil 4 temperatures) and modelled ALDs (simulated explicitly) were about 1.06, 1.72, and 0.28 m 5 for model runs with sand, loam, and measured parameters (Figure 8a) . The mean standard 6 deviations were about 0.088, 0.026, and 0.28 m. All simulations using sand and loam 7 parameters underestimated ALDs. When φ m was replaced withφ c , the mean RMSEs and 8 standard deviations were about 0.55 m and 0.12 m, respectively. 9
Permafrost lower boundary (PLB) 10
The mean RMSEs between measured PLBs (derived from linear interpolation of temperatures) 
Hydraulic conductivity and matric potential 12
Replacing default sand or loam hydraulic conductivity with measured parameters had very 13 small effects on mean RMSEs of soil temperatures and ALDs (Figure 9 and 10). The same 14 was true for matric potential. When hydraulic conductivity of default sand or loam was 15 substituted, mean RMSEs of PLB decreased or increased, respectively. However, when 16 matric potential was substituted, mean RMSEs of PLBs increased or decreased, respectively. 17
When hydraulic conductivity or matric potential parameters were substituted in default sand 18 or loam parameters, mean RMSEs of θ liq changed slightly (Figure 11 and 12) . 19
Effects of combined parameters 20
We compared model simulations with different combinations of measured parameters 21 (porosity, thermal conductivity, hydraulic conductivity and matric potential) to those with one 22 substituted measured parameter. We ranked those model runs with less RMSEs than the best 23 of the model runs with one parameter substituted with a measurement-derived value (Table 5  24 and 6). We didn't consider the 10 cm soil temperature, which were similar among all model 25
runs. 26
For sand, model simulations with porosity and thermal conductivity and/or hydraulic18 cases with RMSEs less than the individual "best" RMSE, porosity was included 18 times, 1 and thermal conductivity and hydraulic conductivity were included 10 times. 2 For loam, model simulations with porosity and thermal conductivity substituted had 5 3 outcomes with lower RMSEs (Table 6 and Figures 10 and 12) . Among all the 27 cases with 4
RMSEs less than the individual "best" RMSE, porosity was included 27 times, and thermal 5 conductivity was included16 times, and matric potential 14 times. 6
Effects of slope and soil thickness 7
Changes of slope alone had small effects on simulated soil temperatures and ALDs (Figures 9  8   and 10 ). An increase of slope generally reduced RMSEs of θ liq (Figures 11 and 12 ). 
Effects of soil water on permafrost dynamics 25
Soil water not only affects soil thermal properties (e.g. thermal conductivity and heat 26 capacity), but also affects the amount of latent heat lost or gained, for freezing or thawing, 27 respectively (Goodrich, 1978; Farouki, 1986 ). Soil water is determined by infiltration, 28 evapotranspiration, water movement among soil layers, subsurface runoff and exchange with 29 a water reservoir. Therefore, processes or parameters that affect soil water dynamics will also 30 affect permafrost dynamics. This study quantitatively assessed the effects of soil water onpermafrost dynamics. For example, when default loam parameters with high porosity and low 1 saturated hydraulic conductivity were used, soil layers were almost saturated (Figure 7) . The 2 simulated ALDs were about 1.58 m, which was less than half of measured ALDs (Figure 8a) . properties, thus it is critical to simulate soil water dynamics to properly project permafrost 18 dynamics in the future. 19
Limitations and Outlook 20
Sampling and laboratory measurement 21
We used cut rings with 10 cm diameter to sample soil and weathered mudstones. However, it 22 is very likely that there could have been much bigger coarse fragment soils. Therefore, larger 23 containers should be used to take samples for further laboratory analysis in the future. 24
During our laboratory work, we found two phenomena. First, we originally used the QL-25 30 thermophysical instrument (Anter Corporation, US) to measure thermal conductivity. It 26 worked properly under unfrozen condition. However, when frozen, the surface of the soil 27 sample was usually uneven due to frost heave, which reduces the contact between the QL-30 28 plate and the soil sample surface. The measured frozen thermal conductivities were smaller 29 than unfrozen thermal conductivity even for the case of saturation, which were definitelywrong, thus we used the KD2 Pro to determine thermal conductivities. The second 1 phenomenon was that there seems to be a threshold of soil saturation, below which unfrozen 2 soil thermal conductivity is greater than frozen soil thermal conductivity (Figure 4a ). This 3 pattern was somewhat exhibited in estimates of the Côté and Konrad (2005) scheme (Figure  4 4b), but not in the estimates of the Farouki scheme (Figure 4c ). More measurements using 5 instruments with higher accuracy should be made in the future. 6
The measured porosities are generally smaller than those calculated from bulk density. 7
We made additional model simulations using porosities calculated from bulk density in 8 combination with other measured parameters. Our results showed that the RMSEs of ALD 9 and PLB were 0.55 m and 4.78 m, respectively (Figures not shown) , whereas those calculated 10 using φ m were 0.28 m and 6.71 m, respectively. There is a variety of methods for measuring 11 soil porosity (Stephens et al., 1998). The method used in this study is widely used for its 12 simplicity (e.g. Chen et al., 2012), and only requires measuring weights of samples under 13 saturation and dry conditions (Equation 2). Though soil samples were immersed in water 14 under atmospheric pressure for 24 h to research saturation, it is possible that some air still 15 remained in soil after immersion but most of our soil samples contained coarse fragments and 16 we assumed the volume of any remaining air to be negligible. 17
Model simulation 18
Although the DOS-TEM using measured parameters provided satisfactory results, there are 19 some aspects requiring further improvement in the future. For example, the measured soil 20 moistures at 40 cm depth were less than 0.1 m 3 m -3
. However, the simulated soil moistures 21 were always much greater (Figure 7f ). There were also spikes in measured soil moistures at 22 80 and 160 cm depths, which were not presented in the simulation (Figure 7 i and l) . In the 23 DOS-TEM, the unfrozen soil water content, or supercold water, was prescribed to be 0.1 m The TEM family models use monthly atmospheric data as driving for both site and 28 regional applications. In this study, 30 min and daily driving data are available. Although it is 29 possible to lose fidelity after daily interpolations, we still decided to use monthly driving datadriving datasets, and the results showed that the RMSEs of ALD were about 3 cm; and 2) we 1 intend to apply the model over large regions where reliable daily datasets might not be 2 available. 3
Regional applications 4
The coarse fragment content of soil affects its physical properties. Another way is to retrieve soil physical properties using data assimilation technology, such as 4 Yang et al. (2016) who assimilated porosity using a land surface model and microwave data. 5
Conclusions 6
In this study, we excavated soil samples from a permafrost site on the central QTP and 7 measured soil physical properties in laboratory. Coarse fragments were common in the soil 8 profile (up to 65% of soil mass) and porosity was much smaller than the typical soil types 9 used in land surface models. We then performed a sensitivity analysis of these parameters on 10 soil thermal and hydrological processes within a terrestrial ecosystem model. When default 11 sand or loam parameters were substituted with measured soil properties, the model errors of 12 active layer depth were reduced by 74% or 84%, respectively, whereas those of permafrost 13 low boundary were reduced 35% or 34%, respectively. Our sensitivity analyses showed that 14 porosity played a more important role in reducing model errors than the other soil properties 15 examined. Though it is unclear how representative this soil is in the QTP, it is clear that soil 16 physical properties specific to the QTP should be used to properly project permafrost 17 dynamics into the future. Table 2 . The particle size diameter fractions (for >2 mm this is the mass ratio between soil 1 particles greater than 2 mm and total soil sample, while for the other fractions this is the ratio 2 between mass of the soil in the size range and the mass of all particles < 2mm）and soil 3 texture (based on USDA classification) of different layers based on soil samples in this study. 
